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LOCALIZATION AND PATTERNING OF PANNEXIN-1 IN PRE-DIABETIC  
MURINE CORNEAL EPITHELIAL TISSUE AFTER INJURY 
 
GARRETT M. RHODES 
ABSTRACT 
Type II diabetes is a major cause of blindness according to the World Health 
Organization (WHO, 2018).  Diabetics are at risk of developing corneal diseases such as 
recurrent abrasions, ulcers, and erosions due to dysfunctional wound healing.  Corrective 
surgeries or corneal transplants may be considered as a treatment in some, but not all, 
cases.  The purinoreceptor P2X7 has been shown to be involved in cell-cell 
communication and in the restructuring of cytoskeletal actin, a necessary process for cell 
migration in wound healing.  P2X7 relies on the binding of extracellular ATP for 
activation. Panx1 is a transmembrane protein whose primary role is for the release of 
intracellular ATP into the extracellular space.  In healthy corneal epithelium, Panx1 
localizes to the wound edge and forms clusters with the P2X7, which augments the 
wound healing response.  This thesis looks at the localization of Panx1 in pre-diabetic 
murine corneal tissue.  It was found that Panx1 is less expressed and does not localize to 
the wound edge to the extent as control corneas, therefore, creating less clusters with 
P2X7.  Furthermore, preliminary studies that inhibit Panx1 with probenecid reduce the 
communication between cells, which is hypothesized as critical for migration of the 
tissue sheet and proper wound healing.  
  
 vi  
TABLE OF CONTENTS 
 
TITLE………………………………………………………………………………..……...i 
COPYRIGHT PAGE……………………………………………………………..…...…...ii 
READER APPROVAL PAGE………………...….…………………………………..…..iii 
ACKNOWLEDGEMENTS ................................................................................................ iv 
ABSTRACT ......................................................................................................................... v 
TABLE OF CONTENTS .................................................................................................... vi 
LIST OF TABLES ............................................................................................................. vii 
LIST OF FIGURES ........................................................................................................... viii 
LIST OF ABBREVIATIONS .............................................................................................. x 
INTRODUCTION ................................................................................................................ 1 
  SPECIFIC AIMS .................................................................................................... 21 
METHODS ......................................................................................................................... 22 
RESULTS ........................................................................................................................... 27 
DISCUSSION .................................................................................................................... 40 
REFERENCES ................................................................................................................... 44 
CURRICULUM VITAE .....................................................................................................50 
 
 vii  
 
LIST OF TABLES 
 
 
Table Title Page 
1 Types and functions of pannexin-mediated ATP release. 
 
13 
 
 
  
 viii  
LIST OF FIGURES 
 
Figure Title Page 
1 Layers of the Cornea. 2 
2 Apical-Basal Polarity of the Corneal Epithelium. 4 
3 Polarity proteins define the polarity of the corneal 
epithelium. 
5 
4 Corneal Wounding and Planar Polarity. 7 
5 P2X7 and P2Y2 purinoreceptor mechanisms. 9 
6 Topology of pannexin. 12 
7 N-Glycosylation sites of the pannexin proteins. 15 
8 The Panx1 interactome. 16 
9 Rac1-WAVE/SCAR-Arp2/3 actin polymerization 
pathway. 
18 
10 Cell response as a result of tissue damage in a 
dendritic cell. 
19 
11 Panx1 localization in a normal mouse cornea 2 
hours after injury. 
20 
12 Confocal microscopy technique for imaging 
corneal tissue. 
24 
13 Patterning of PanX is altered in apical DiO 
tissue. 
31 
 ix  
14 Patterning of PanX is altered in basal DiO 
tissue. 
33 
15 Panx1 expression intensity in 8 week control 
and DiO mice. 
34 
16 Western blot analysis showing the staining 
intensity for Panx1 in 8 week and 16 week 
mice. 
35 
17 Polarity of Arp2/3 in control and DiO corneal 
tissue. 
37 
18 Panx1 and Rac1 localization and patterning in 2 
hour wounded control and DiO tissue. 
38 
19 Panx1 and Rac1 localization and patterning in 8 
hour wounded control and DiO tissue. 
39 
 
 
 
  
 x  
LIST OF ABBREVIATIONS 
 
DiO diet-induced obesity (pre-diabetic mice) 
HFD high-fat diet 
LE leading edge 
P2X7R P2X7 receptor 
Panx(1,2,3) Pannexin 1,2,3 
RT room temperature 
 
  
 
 
   
 1 
 
INTRODUCTION 
The eyes are delicate organs that create the sense of vision, which humans often 
rely upon the most.  Therefore, diseases affecting vision present a terrible reality of 
potential blindness.  More specifically, corneal diseases represent the second leading 
cause of blindness in most developing countries (Oliva, Schottman, & Gulati, 2012).  
Diabetes mellitus, or Type II diabetes, is a major cause of blindness according to the 
World Health Organization (WHO, 2018) and presents complications in corneal wound 
healing.  Abnormalities such as corneal erosions, persistent epithelial defects and corneal 
ulcers are common among diabetics.  A previous study showed 73.6% of diabetics 
exhibiting corneal abnormalities (Jeganathan, Wang, & Wong, 2008).  By the year 2050 
in the United States, ~48.3 million people are expected to have a diagnosis of diabetes 
(Deshpande, Harris-Hayes, & Schootman, 2008), which equates to ~35.5 million 
Americans with corneal abnormalities. 
Corrective surgeries may be an option for some, especially for diabetic patients 
exhibiting corneal abnormalities, but not everyone.  Common surgeries such as refractive 
surgery (e.g., LASIK) may also be pursued.  However, Type II diabetes can complicate 
these procedures due to mild epithelial breakdown (Hiraoka, Amano, Oshika, Kato, & 
Hori, 2001) or by decreasing the amount of hemidesmosomes, thereby reducing the 
adhesion of the corneal epithelium to the underlying stroma (Tabatabay, Bumbacher, 
Baumgartner, & Leuenberger, 1988).  Corneal transplants are available to some, but these 
treatments are expensive, not universally available and may not be acceptable.  The 
 2 
 
importance of continuous ophthalmology research on diabetic corneas cannot be 
overstated. 
FIGURE 1: Layers of the Cornea. The cornea (a) is the outermost portion of the eye 
which is exposed to the external environment. There are five layers of the cornea 
(b): the epithelium, the basal lamina, the stroma, Descemet’s membrane, and the 
endothelium. Corneal apical epithelium (c) and corneal basal epithelium (d) cells 
stained with DAPI and rhodamine-conjugated phalloidin as imaged on Zeiss 700 
LSM. Schematic of the eye (left) adapted from Foster, 2003.  
 
The cornea is the outermost portion of the eye, most exposed to the external 
environment (Fig. 1A).  It is a clear, transparent piece of tissue through which light first 
enters before being concentrated onto the retina.  The cornea has two unique 
responsibilities: (1) to serve as the strongest refracting surface of the eye and (2) to serve 
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as an impermeable barrier between the eye and the external environment.  However, this 
second responsibility often results in the eye becoming exposed to toxins, pathogens, and 
debris.  The outermost portion of the cornea is composed of stratified squamous non-
keratinized epithelium.  The epithelial cells are connected to the basal lamina, separating 
them from the stroma.  The stroma consists of a dense fibroconnective tissue where 
collagen and fibroblasts can be found.  The corneal endothelial cells (CECs), derived 
from neural crest cells, act as a barrier between the corneal stroma and the aqueous 
humor.  Descemet’s membrane separates the stroma from the CECs and may help support 
their regeneration in the event of an endothelial injury (Chen et al., 2017). 
The epithelium can be further subdivided into superficial apical cells (Fig. 1C) 
and deep basal cells (Fig. 1D).  It is replaced every 7-10 days.  Apical cells are connected 
to each other and the wing cells via desmosomes made of cadherin proteins (Fig. 2A) and 
tight junctions, which help them to form a watertight barrier necessary to keep the 
aqueous humor within the eyeball.  They are covered with a tear film, which contains 
multiple growth factors to help with epithelial regeneration (Klenkler, Sheardown, & 
Jones, 2007) once the epithelium is damaged and the tight junctions are broken.  The 
basal cells, connected to the basal lamina via hemidesmosomes (Fig. 2C), proliferate 
upwards to take on a more flattened shape consistent with apical cells (Fig. 1C/D).  The 
adult corneal epithelial basement membrane contains several types of collagen, heparan 
sulfate proteoglycans, fibronectin, laminin and nidogens (Torricelli, Singh, Santhiago, & 
Wilson, 2013) to help anchor the basal cells.   
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FIGURE 2: Apical-Basal Polarity of the Corneal Epithelium. The corneal 
epithelium is comprised of layers of cells which are differentiated.  Cells adjacent to 
the basement membrane are basal cells, which can be identified by their columnar 
shape.  The cells directly in contact with the external environment are apical cells, 
which have a more elongated polygonal shape (Fig. 1C).  This image shows the 
structure of cells in the gastrointestinal system, which displays similarities to corneal 
epithelial basal cells.  Both apical and basal cells contain cadherins to hold 
neighboring cells together at desmosomes (Fig. B).  Basal cells also contain 
hemidesmosomes that anchor the cell to the basement membrane (Fig. C).  The 
presence of tight junctions (Fig. A) keeps the aqueous humor inside the eye’s 
internal chamber. Image obtained from (Alberts et al., 2002).  
The difference in shape of the epithelium between the basal cells and the apical 
cells can often be described as features of apical/basal polarity.  Basal cells are more 
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columnar, square and have a uniform appearance whereas the apical cells are larger, 
flatter, and polygonal in shape.  Based on this observation, the corneal epithelial cells are 
described as representing two ends of an extreme, either tall and narrow or flat and wide.   
FIGURE 3: Polarity 
proteins define the polarity 
of the corneal epithelium.  
The Crumbs complex, 
which includes Crb3, is 
essential for determining 
the apical membrane.  It 
associates with the Par 
Complex, which includes 
PKCζ.  The Par complex 
then activates Rac and 
Rho, two GTPases.  The 
Scribble complex is 
involved in basal 
membrane differentiation, 
and includes Discs large (DLG).  The tight junction ZO1 is observed at the apical 
cell membrane and has been shown to be associated with the Crumbs complex.  
Image obtained from Anne Londregan Thesis, 2018.  
Additionally, the polarity of epithelium is maintained by a number of polarity proteins, 
such as the crumbs complex, scribble complex and zona occludens 1 (ZO-1) (Fig. 3).  
Ras-related C3 botulinum toxin substrate 1 (Rac1) activation is necessary for the 
activation of ZO-1 to form tight junctions, however the specific interaction between the 
two proteins is unknown (Ikenouchi, Umeda, Tsukita, Furuse, & Tsukita, 2007).  Rac1 is 
a G protein involved in the activation of many different downstream processes.  One 
important process though, is the stimulation of actin polymerization at the plasma 
membrane to stimulate the formation of lamellipodia (Ridley, 2006).  These proteins are 
distributed throughout the cell in a gradient.  The gradient distribution of these proteins 
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establishes the polarity of the individual epithelial cell and the epithelial tissue as a 
whole. The presence and concentration of each protein influences the shape of the cell.  
For example, a basal cell with a high concentration of the scribble protein complex may 
act to increase the number of tight junctions and decrease the number of 
hemidesmosomes, thereby morphing from a basal cell into an apical cell.  This exact 
process is often seen during the healing process following epithelial injury.  A cell such 
as this would be expected to display increased levels of expression of activated Rac1 as 
well.  In addition, there is also the development of planar polarity as the gradient of 
proteins differs near the injured site than away from it. 
The cornea serves as an excellent model for the study of diabetic wound repair 
due to it being highly innervated, avascular tissue rich with oxygen.  Diabetes has been 
known to cause peripheral neuropathy in patients, and unfortunately, sensation is often 
first lost in the cornea.  Corneal pathologies have been correlated with the density of 
visual sensory nerve fibers, which play a major role in neuropathic pain perception 
(Belmonte, Carmen Acosta, & Gallar, 2004; Tervo & Moilanen, 2003).  Peripheral 
neuropathy and a reduction in corneal nerve fiber density has been reported in patients 
with diabetes compared to healthy control models (Markoulli, Flanagan, Tummanapalli, 
Wu, & Willcox, 2018).  Together, impaired wound healing and decreased corneal 
sensitivity are secondary symptoms that have been detected in the diabetic cornea (Cai, 
Zhu, Petroll, Koppaka, & Robertson, 2014). 
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Recently, Stepp, et al (2017) showed strong evidence that corneal epithelial cells 
exhibit similar characteristics as glial cells by supporting and innervating the sensory 
nerves, a support feature glial cells perform for cranial nerves.  Repair of a wound 
involves a number of processes, including cell adhesion, migration, and  
FIGURE 4: Corneal Wounding and Planar Polarity. An intact corneal epithelium 
maintains apical basal polarity.  Upon wounding, the cells must now move along the 
leading edge of the wound to facilitate healing.  This creates a planar polarity which 
differentiates the wound edge and back from the wound edge (distal).  Image 
adapted from (Suzuki et al., 2003). 
 
proliferation, as well as matrix deposition and tissue remodeling (Chi & Trinkaus-
Randall, 2013; Stepp et al., 2014).  In the event of a corneal injury, the epithelium 
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responds quickly in an attempt to repair the defective tissue and prevent damage or 
infection to the deeper tissues. 
When injured (Fig. 4), cells will flatten out in order to cover as much surface area 
as possible.  Then they slowly start to slide over the wound, while retaining their tight 
junctions with neighboring cells.  A temporary extracellular matrix containing several 
types of proteins such as fibrin, fibronectin and hyaluronic acid facilitates the epithelial 
migration to the cover the wound (Bukowiecki, Hos, Cursiefen, & Eming, 2017) 
however, our preliminary data indicates fibronectin is present to a greater degree in pre-
diabetic mouse corneas.  Shortly thereafter, the basal cells begin proliferating and 
differentiating to restore the missing cellular layer(s).  Finally, the basal cells generate 
new hemidesmosomes to anchor to the basal lamina and underlying stroma through 
anchoring fibrils (Fig. 2C)  (Bukowiecki et al., 2017). 
When a cell unexpectedly dies or becomes injured (e.g., corneal abrasion), its 
cytoplasmic contents are released into the extracellular matrix.  This includes intracellular 
proteins, organelles and nucleotides.  In a normal, healthy cell, adenosine triphosphate 
(ATP) is important for many different cellular processes such as protein production or 
cytoskeleton polymerization and, therefore, not (typically) released.  When extracellular 
ATP is sensed by other epithelial cells, it can result in activated responses from 
transmembrane purinoreceptors, such as P2X7 and P2Y2 (Klepeis, Cornell-Bell, & 
Trinkaus-Randall, 2001; Weinger, Klepeis, & Trinkaus-Randall, 2005), which ATP is a 
ligand for both.   
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P2X and P2Y have been designated as major players in the corneal wound healing 
response by knocking down the receptors and examining signaling cascades and calcium 
responses (Minns & Trinkaus-Randall, 2016).  P2X receptors activate and gate ions and 
ATP from the extracellular environment.  A subtype of P2X receptor, the P2X7 receptor 
(P2X7R) (Fig. 5), is an ion channel purinoreceptor that opens when ATP binds to allow 
calcium influx into the cell; at the same time, potassium effluxes to maintain the 
electrochemical gradient of the 
cell at around -70 mEv.  
FIGURE 5: P2X7 and P2Y2 
purinoreceptor mechanisms. 
P2X7 is an ion channel receptor 
that, upon binding of ATP, 
opens a pore to allow calcium to 
flow into the cell and potassium 
to flow out of the cell. P2Y2 is a 
G-protein coupled receptor that, 
upon binding of ATP, activates 
downstream signals to allow 
release of stored intracellular 
calcium to release into the 
cytoplasm.  Image adapted from 
(Björkgren & Lishko, 2016). 
 
The influx of calcium increases intracellular concentration and activates the cell 
migration pathway, which results in the restructuring of the cytoskeleton and movement 
of the cell, typically in the direction of the higher extracellular ATP concentration.  The 
P2Y receptors are a class of G-protein coupled receptors that utilize the inositol 1,4,5-
triphosphate receptor-mediated signaling pathway to increase intracellular calcium levels.  
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The P2Y2 receptor (P2Y2R) (Fig. 5) subtype activates when ATP or UTP binds to the 
receptor (Boucher, Rich, Lee, Marcincin, & Trinkaus-Randall, 2010).  The G-protein 
dissociates from the receptor and activates phospholipase C (PLC).  PLC cleaves 
phosphatidylinositol triphosphate (PIP3) into diacylglycerol (DAG) and inositol 
triphosphate (IP3).  IP3 travels to the endoplasmic reticulum (ER) where it triggers the 
release of Ca2+ storage, cytoskeletal restructuring and migration.  Unlike the P2X7R, the 
P2Y2R does not result in the efflux of potassium.  Interestingly, the corneal epithelial 
cells migrate as a sheet rather than as individual cells (Block, Matela, SundarRaj, Iszkula, 
& Klarlund, 2004), possibly due to cadherin-containing adhesion complexes between 
neighboring cells. 
The P2Y2R becomes activated not only with ATP, but with UTP as well (Fig. 5). 
Therefore, whereas the P2X7R may be limited by extracellular ATP and Ca2+ 
concentration, the P2Y2R is not since it may also bind UTP and Ca2+ release comes from 
the ER.  Knockdown of the P2Y2 receptor eliminated a majority of the wound response 
(Boucher et al., 2010) but not completely since P2X7 was not inhibited.  P2Y2 receptor 
mRNA was also upregulated within the cell (Boucher et al., 2010) as density changed 
after wounding (Kehasse et al., 2013).  It is speculated that both of these receptors must 
work complementary to each other in order to properly activate cell migration and initiate 
the wound healing response (Minns, Teicher, Rich, & Trinkaus-Randall, 2016). 
Epithelial cells adjacent to the wound are described as being either leading edge 
(LE) or back from the leading edge (BFLE).  The LE is defined as the first two rows of 
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cells adjacent to the wound.  Cells three or more rows away from the wound are 
considered BFLE.  Recent studies show after corneal epithelium wounding, there is a 
marked increase in the P2X7R at the LE of the wound and inhibition of the P2X7R 
impairs cell migration and abrogates the P2X7 injury-induced change in localization 
(Minns et al., 2016).  This suggests the LE cells upregulate the expression of the P2X7R 
to facilitate the influx of Ca2+ in order to generate the largest migration response as 
possible, as a result from increased concentration of ATP near the wound.  Interestingly, 
P2X7 mRNA was decreased although the receptor was found to be upregulated (Minns et 
al., 2016).  It has been shown that pannexin release of ATP enhances the migration of 
dendritic cells through the activation of P2X7 receptors (Sáez et al., 2017) and both 
purinoreceptors and pannexins regulate the Ca2+ mobilization necessary for cell migration  
(Trinkaus-Randall et al., 2019). 
In the last couple of decades, the discovery of the pannexin family of proteins in 
the mammalian genome (Panchina et al., 2000) triggered researchers to investigate the 
structure and function of this protein.  Pannexin is a transmembrane protein very closely 
related to the connexin and innexin gap junction families (Fig. 6A).  Innexins are gap 
junction proteins found in invertebrates while connexin are gap junction proteins found in 
vertebrates.  Connexins and innexins are both involved in cell-cell communication while 
pannexin is largely responsible for the release of ATP from the intracellular environment 
to the extracellular space (Scemes, Spray, & Meda, 2009). The pannexin family consists 
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of three types: pannexin1 (Panx1, 426 amino acids, 47.6 kDa), pannexin2 (Panx2, 677 
amino acids, 74.4 kDa) and pannexin3 (Panx3, 392 amino acids, 44.7 kDa), containing 
 
FIGURE 6: Topology of pannexin.  Although pannexin differs in sequence 
compared to connexin and innexins, it retains very similar function.  Connexins are 
typically found in gap junctions between cells found in vertebrates. Innexins are gap 
junctions between cells found in invertebrates. Pannexins are transmembrane 
channels that allow the passing of ions and molecules through, into or out of the cell.  
A key difference for pannexin is the ability to be glycosylated, which some 
researchers have shown to be important in targeting the protein for the plasma 
membrane (Boassa et al., 2007).  Figure A adapted from Boassa et al., 2007, Figure 
B adapted from (Scemes et al., 2009). 
 
~50-60% sequence similarity between the different types (Sosinsky et al., 2011).  Panx1 
is expressed in most tissues throughout the body (i.e. brain, skeletal and heart muscle, 
testis, ovary, eye, etc.), Panx2 is predominantly expressed in the central nervous system, 
which does not include the eyes, and Panx3 can be found in embryonic tissue as well as 
adult bone, skin and cartilage (Sosinsky et al., 2011).  One pannexin protein forms a 
hexamer with five other pannexin proteins in the Golgi apparatus to form a pannexon 
(Fig. 6B), prior to relocation to the plasma membrane (Boassa et al., 2007). 
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ATP release into the extracellular space can produce several different functions 
depending on the type of tissue (Table 1).   
 
TABLE 1: Types and functions of pannexin-mediated ATP release. 
Cell Type Stimulus Function 
Erythrocyte Low O2, shear 
stress 
Control of oxygen delivery (Locovei et 
al., 2006) 
Airway Epithelium Mechanical Control of muco-ciliary clearance 
(Ransford et al., 2009) 
Astrocyte Not known Calcium wave propagation (Suadicani et 
al., 2012) 
Neuron Glutamate Amplify primary signal (Thompson et 
al., 2008) 
Smooth Muscle Calcium Channel Amplification of [Ca2+] via purinergic 
receptors (G. P. Dahl et al., 2016) 
Corneal Epithelium Mechanical Amplify epithelial cell migratory 
response (Trinkaus-Randall et al., 2019) 
Upon stimulation and activation, pannexin releases ATP into the extracellular space 
for different functions depending upon the tissue. Note the similarity between some 
of the stimuli listed and those that may be found in a cornea upon injury or hypoxia.  
Panx1 often plays a role in the amplification of other signals. Table adapted from 
(G. Dahl, 2018). 
 
Pannexin1 channels in erythrocytes release ATP as a result of low oxygen, which in turn 
binds to P2Y receptors on endothelial cells resulting in their activation and the release of 
nitric oxide in to the blood vessel causing relaxation and increased perfusion (Locovei, 
Bao, & Dahl, 2006).  Another study in smooth muscle suggests amplification of Ca2+ 
influx by Ca2+ activation of Panx1 causes ATP release. The ATP then acts on P2Y 
receptors, which boosts the intracellular [Ca2+] through the mechanism previously 
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discussed (G. P. Dahl et al., 2016).  Regardless of the tissue type, Panx1 has a primary 
function of releasing ATP into the extracellular space but since the hexamer forms such 
as large pore, other ions are able to pass through also.  Therefore, not only is the ATP 
release function tissue-dependent but pannexin also has the potential for secondary roles 
in different tissues as a result.   
As previously noted, Panx1 release of ATP enhances the Ca2+ signaling response 
alongside the P2X7R.  The ability of Panx1 to amplify the wound response is favorable to 
allow tissue healing since inhibition of the Panx1 was shown to attenuate the response of 
the P2X7 receptors and slow the healing response (Trinkaus-Randall et al., 2019).  In 
order to amplify the migratory response of P2X7 or P2Y2, Panx1 must be transcribed, 
translated, and expressed.  After transcription in the nucleus and translation in the ER, 
pannexin undergoes glycosylation with mannose and cleaved to form the core protein. 
Failure to become highly glycosylated by mannose in the ER results in a lower chance of 
delivery to the Golgi apparatus (Bhalla-Gehi, Penuela, Churko, Shao, & Laird, 2010) 
(Boassa, Qiu, Dahl, & Sosinsky, 2008).  If and when the Panx1 protein is assembled and 
ready for delivery to the Golgi apparatus, it must undergo vesicular transport just like any 
other transmembrane protein.  Trafficking of Panx1 from the ER to the Golgi apparatus is 
mediated through the Ras-related protein (Sar1) through COPII-coated vesicles (Bhalla-
Gehi et al., 2010).  Ras is responsible for recruiting the COPII coat components onto the 
membranes, which results in its transport from the ER (Yorimitsu, Sato, & Takeuchi, 
2014) to the Golgi apparatus.  Treatment of the cell with Brefeldin A (BFA), a fungal 
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antibacterial reagent typically used to breakdown the Golgi compartments and stop 
protein trafficking from the ER to the Golgi, showed a high accumulation of mannose-
glycosylated Panx1 proteins in the ER (Boassa et al., 2008).  
Once in the Golgi apparatus, the pannexin must be targeted for delivery to the 
plasma membrane.  As previously mentioned, the structure closely resembles that of the 
connexins and innexins.  The cell must differentiate between the three proteins and traffic 
them appropriately.  A major difference between pannexin and the innexins/connexins is 
that pannexin has the ability to be N-glycosylated, specifically on its second extracellular 
loop at the N254 amino acid (Fig. 7) for Panx1.  The glycosylation of pannexin is 
believed to play 
a role in 
targeting the 
protein for 
delivery from 
 
FIGURE 7: N-
Glycosylation 
sites of the 
pannexin 
proteins.  
Pannexin 
proteins are 
tetra-spanning transmembrane proteins with amino and carboxy termini located in 
the cytoplasm.  Panx1, found in most tissues, has an N-glycosylation site on its 
second extracellular loop, N254 and Panx3 has an N-glycosylation site on its first 
extracellular loop, N71.  Panx2 does not have a known glycosylation site at this time, 
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but is predicted to have an N-linked glycosylation site on its first extracellular loop 
at N86 (orange dot).  Image obtained from (Sosinsky et al., 2011). 
 
the Golgi apparatus to the plasma membrane (Bhalla-Gehi et al., 2010).  The inhibition of 
Panx1 N-glycosylation either pharmacologically or by site directed mutagenesis disrupts 
Panx1 expression at the plasma membrane of the cell.  Furthermore, mutation of 
asparagine 254 to glutamine results in the inability to become glycosylated and the 
retention of the Panx1 core protein in the Golgi apparatus (Boassa et al., 2008). 
FIGURE 8: The Panx1 interactome.  This diagram illustrates the proteins Panx1 is 
known to interact with either directly or indirectly through physical attachments or 
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due to downstream/upstream processes. The thick line connecting to actin is to note 
the strong, physical interaction at the plasma membrane.  This diagram shows the 
influence that Panx1 can have on many different proteins and as a result, many 
different processes within the cell.  The primary function of Panx1 is the release of 
ATP, which may result in several effects or a specific effect depending on the type of 
tissue.  Panx2 and Panx3 are not found in the cornea, but P2X7 and Arp3 are two 
other important proteins involved the in the cell migration process.  Image obtained 
from (Wicki-Stordeur & Swayne, 2014). 
 
 In addition to actin, Panx1 has been proposed to interact with several other 
proteins to form an interactome (Fig. 8) (Wicki-Stordeur & Swayne, 2014).  Arp3 may 
play a role in modulating the precipitation of Panx1 at the membrane since the Arp2/3 
complex (Fig. 9, yellow oval) functions as the nucleation site for new microfilaments 
(Andrew K. J. Boyce, Wicki-Stordeur, & Swayne, 2014) and Panx1 forms such a strong 
interaction with F-actin.  Additionally, in the C. elegans embryonic epidermis, the 
activated G protein Rac1 (Fig. 9, red circle) is responsible for the upstream activation of 
WAVE/SCAR, which goes on to stimulate the Arp2/3 in actin polymerization 
(Bernadskaya, Wallace, Nguyen, Mohler, & Soto, 2012).  Once at the cell plasma 
membrane, pannexin has been shown to interact with and co-immunoprecipitate with the 
microfilaments F-actin through the C-terminus.  Destabilizing the actin microfilaments 
with cytochalasin B resulted in severe loss of Panx1 at the cells surface, as well as 
vesicular transport of Panx1 (Bhalla-Gehi et al., 2010).  Considering cornea tissue is also 
made of ectoderm, it may be possible this pathway is conserved in the polymerization of 
branched actin at lamellipodia.   Loss of function of Arp2/3 or its decreased expression in 
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the cell could result in the destabilization of actin, or the inability to form new 
lamellipodia, resulting in impaired cell migration. 
Figure 9: Rac1-
WAVE/SCAR-
Arp2/3 actin 
polymerization 
pathway.  
UNC-40/DCC 
(deleted in 
colorectal 
cancer) activity 
transports 
inactive Rac1 
(Rac1-GDP, 
gray circles) 
where is 
becomes activated (Rac1-GTP, red circles).  Activated Rac1 is targeted to the 
plasma membrane by SAX-3/Robo, where it helps to assemble the WAVE/SCAR 
complex (blue ovals).  The WAVE/SCAR complex associates with the Arp2/3 
complex (yellow oval) stimulating branched actin polymerization.  VAB-1/Ephrin 
inhibits the targeting of activated Rac1 to the plasma membrane, thereby regulating 
branched actin polymerization.  Image obtained from (Bernadskaya et al., 2012).  
 
Previous studies have concluded that increased membrane localization of 
synaptosomes in human corneal nerves result in enhanced ATP release when stimulated 
with potassium (Cui, Liu, Qin, Wang, & Huang, 2016).  As previously discussed, ATP 
release from Panx1 amplifies the P2X7 response to cell migration (Fig. 10) (Trinkaus-
Randall et al., 2019).  Extracellular ATP has been shown to regulate P2X7R-Panx1 
clustering at the cell membrane and the addition of an apyrase degrades extracellular 
ATP, resulting in the eradication of the P2X7R-Panx1 clusters (Andrew K. J. Boyce & 
Swayne, 2017). 
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Given the need for the development of the P2X7R-Panx1 cluster at the cell 
membrane in order to promote cell migration, and thus healing, this thesis looks into the  
FIGURE 10: 
Cell response 
as a result of 
tissue 
damage in a 
dendritic 
cell.  In the 
normal 
resting state, 
pannexin 
channels are 
closed.  Upon 
injury, 
damaged 
cells release 
ATP into the 
extracellular 
space.  ATP 
binds to 
P2X7R 
causing an increase in Ca2+ influx. The increased Ca2+ influx results in the 
restructuring of the actin cytoskeleton and migration of the cell.  Image obtained 
from (Sáez et al., 2017). 
 
localization of Panx1 near the wound edge using a pre-diabetic mouse cornea model.  In 
healthy corneal epithelial tissue, Panx1 is more localized throughout the apical cells (Fig. 
11).  However, after a wound is invoked, Panx1 tends to traffic to the cell membrane in 
the cells near the wound edge, especially the basal cells (Fig. 11).  In corneal epithelial 
tissue, there is very little, if any, Panx1 located in the basal cells not near a wound.  But 
when a wound is present like in Fig. 11, the cells right at the wound edge will start to 
 20 
 
display Panx1 at their membranes.  In conclusion, the normal pattern of Panx1, in 
wounded tissue, is primarily apical in cells away from the wound, and shows a shift in 
polarity from apical to basal at the wound edge.  I investigate the hypothesis that not only 
will Panx1 fail to localize as intensely at the wound edge in the corneal epithelium in the 
pre-diabetic model, but overall Panx1 levels will decrease in expression throughout the 
tissue as well. 
FIGURE 11: Panx1 localization in a normal mouse cornea 2 hours after injury. The 
asterisk marks the injury site.  Basal cells are identified by the cross-sections of 
cylindrical cells (top left) and apical cells are identified by their flat, polygonal 
appearance (top right).  Healthy corneal epithelial tissue indicates Panx1 (green) is 
more diffuse in apical cells but at the injury site Panx1 is more expressed at the cell 
membranes of 
basal cells. Actin 
microfilaments 
(red) and cell 
nuclei (blue) can 
also be seen.  
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SPECIFIC AIMS 
 
 In order to investigate the patterning and localization of Panx1 in pre-diabetic 
mouse models, I will:  
(1) Harvest unwounded and wounded corneal epithelial tissue from control and 
pre-diabetic mice.  
(2) Perform immunohistochemistry to stain for the Panx1 protein.  
(3) Utilize confocal microscopy to produce images of apical and basal polarity, as 
well as planar polarity.  
(4) Analyze images using plot profiles to visualize the localization of Panx1 near 
the wound and away from the wound.  
(5) Perform western blots to quantify the amount of Panx1 expressed and measure 
levels of N-glycosylation.  
 
Expectations of the pre-diabetic tissue, compared to control, include:  
(1) Decreased levels of expression of Panx1. 
(2) Decreased localization of Panx1 at the wound edge. 
(3) Decreased trafficking of Panx1 to the cell membrane near the wound. 
  
 22 
 
METHODS  
 
Organ culture and Tissue preparation 
The research protocol conformed to the standards of the Association for Research 
in Vision and Ophthalmology for the Use of Animals in Ophthalmic Care and Vision 
Research and the Boston University IACUC. C57BL/6J mice were obtained at both 8 and 
16 weeks of age from Jackson Laboratory (The Jackson Laboratory; Bar Harbor, ME).  
Control mice (CTL) were maintained on the Control Diet D12450B (10 kcal% fat, 
3.8kcal/g), while the type 2 pre-diabetic diet induced obesity (DiO) mice were fed a High 
Fat Diet (HFD) D12492 (60kcal% fat, 5.2 kcal/g).  
 
Corneal abrasions 
Organ culture was utilized to maintain the tissue’s proper microenvironment as 
close as possible to that found in vivo.  The corneal injury was made by delineating a 1.5 
mm diameter region in the center of the cornea in vivo with a trephine, and removing or 
abrading the epithelium.  Corneas were excised and dissected leaving an intact scleral rim 
and incubated in Dulbecco’s modified Eagle’s medium (DMEM) at 37 °C and 5% CO2 
as described (Lee et al., 2014; Minns et al., 2016).  If inhibitor was used, the corneas 
were incubated in either 150 µM 10PanX (Tocris Bioscience, Bristol, United Kingdom) 
or 150 µM Probenecid (Tocris Bioscience, Bristol, United Kingdom) for 30 minutes prior 
to incubation in DMEM.  For live imaging, an injury was performed after the cornea was 
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removed and positioned on the microscope scope in unsupplemented Keratinocyte Serum 
Free Media (KSFM) lacking bovine pituitary extract, penicillin/streptomycin, fungizone 
and epidermal growth factor (EGF). 
 
Immunohistochemistry 
Following incubation with DMEM, cells or corneas were fixed in freshly prepared 
4% paraformaldehyde in phosphate-buffered saline (PBS) for 20 minutes at room 
temperature.  Immunofluorescent staining was performed (Minns et al., 2016).  Briefly, 
cells or tissue were permeabilized with 0.1% v/v Triton X-100 in PBS for 2-5 minutes 
and blocked with 2% bovine serum albumin (BSA) in PBS for one hour at room 
temperature.  Cells or tissue were incubated in a primary antibody-PBS solution at a 
1:200 dilution overnight at 4° C and washed with PBS 3 times at 5 minutes each.  The 
primary antibody was excluded from the secondary control tissue.  Alexa Fluor-
conjugated secondary antibodies (Invitrogen, Carlsbad, CA) were used at a dilution of 
1:300 in blocking solution for 1 hour at room temperature prior to being washed again 3 
times at 5 minutes each with PBS.  Rhodamine-conjugated phalloidin (Invitrogen, 1:50) 
was used to visualize F-actin.  Cells or tissue were mounted using VectaSHIELD with 
4’,6-diamidino-2-phenylindole (DAPI) (Vector Labs, Burlingame, CA) to visualize cell 
nuclei.  Following staining, corneas were imaged using confocal microscopy techniques. 
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Confocal microscopy 
Corneas were prepped by halving the tissue and cutting butterfly slits into the 
scleral rim in order to flatten the tissue for a uniform image.  Images were taken on a 
Zeiss LSM 700 (Zeiss, Thornwood, NY) confocal microscope with indicated objectives 
and settings.  All tissues were sandwiched between a glass plate and glass cover slips and 
imaged enface from the apical epithelium toward the stroma (Fig. 12) with a 40x oil 
objective at a 1.0x zoom.   Fluorescent gain levels were set using secondary control  
 
FIGURE 12: Confocal microscopy technique for imaging corneal tissue.  Tissue is 
imaged enface with the apical cells down.  The Zeiss 700 LSM creates a Z-stack of a 
specified thickness with each section at 1 µm apart.  The Z-stack is used compiled to 
create a 3D image of the tissue or an orthogonal cross section (far right) that allows 
the user to view the apical-basal polarity of the protein in question.  In the case 
above, the orthogonal image shows the protein (green) primarily in the apical cells 
against a background of actin (red) and nuclei (blue).  Image adapted from Annie 
Londregan (2018).  
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samples and were not changed, and the pinhole size was kept at 1 Airy Unit across all 
images.  Each image was taken as a 3 x 3 tile and a Z-stack, which included apical and 
basal cells.  The Z-stack sections were imaged at 1 µm apart for a total thickness of 15 
µm.  The tiling feature takes z-stacks over a larger area and stitches them together to 
create a smooth appearance.  Image settings were reused to eliminate changes in data by 
varying confocal settings.    
 
Western Blotting 
The blots utilized for the quantification of pannexin1 in corneal tissue were 
previously stained with Crumbs (Crb3) primary antibodies and, therefore, a stripping 
technique was utilized to apply Panx1 antibodies.  Blots were initially stained for Crb3 
utilizing the following methods: 1) incubated in Ponceau S Staining Solution (0.1% (w/v) 
Ponceau S in 5% (v/v) acetic acid) for 20 min at room temperature (RT) to demonstrate 
protein loading, 2) washed in dH2O 5x for 10 min each at RT, 3) washed in tris-buffered 
saline (TBS) 3x for 15 min each at RT, 4) blocked for 1-2 hr in 5% BSA in tris-buffered 
saline tween solution (TBST) at RT, 5) incubated in Crb3 primary antibody (1:150) at 
4°C overnight, 6) washed 4x with TBST at 15 min each at RT, 7) incubated in secondary 
antibodies (1:2000) in 5% BSA in TBST for 1 hr, 8) washed 3x in TBST for 10-30 min 
each at RT, and 9) washed in TBS and stored in TBS.  These blots were then stripped of 
the Crb3 antibodies utilizing the following methods: 1) washed 3x in stripping buffer 
(62.5 mM Tris (pH 6.8 with HCl), 2% (w/v) SDS:dH2O, and 100 mM β-
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mercaptoethanol) for 10 min each at RT, 2) washed 2x with PBS for 10 min each at RT, 
3) washed 2x with TBST for 5 min each at RT, 4) blocked for 1 hr in 5% BSA in TBST 
at RT, 5) incubated in Panx1 primary antibody (1:500) overnight at 4°C, 6) washed 4x 
with TBST for 15 min each at RT, 7) incubated in secondary antibodies (1:2000) in 5% 
BSA in TBST for 1 hr at RT, 8) washed 3x with TBST for 30 min each at RT, and 9) 
stored in TBS and imaged.  Membranes were washed with TBST and exposed using 
Western Lightning (Perkin Elmer, Waltham, MA), and signals were quantified using 
ImageJ software version 1.48 (NIH, Bethesda, MD) (Kehasse et al., 2013). 
 
 
Image processing 
Images were analyzed using ZEN (Zeiss, Thornwood, NY) or FIJI/ImageJ (NIH, 
Bethesda, MD; http://imagej.nih.gov/ij/).  Plot profiles were analyzed using FIJI/ImageJ 
to visualize the difference in magnitude of Panx1 expression near the wound versus away 
from the wound.  
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RESULTS 
Since Type II diabetes is a prevalent and serious health risk in the United States, I 
used the pre-type II diabetic mouse model developed using a HFD.   These mice are 
appropriately referred to as diet-induced obesity or (DiO) mice and are used to examine 
the changes in the protein patterning or localization in the cornea.  The DiO mice 
demonstrated grossly oily skin and fur, greatly increased body weight and were more 
lethargic than normal control mice of the same age.  They also presented with sunken 
eyes that proved difficult in excising compared to their normal counterparts, which may 
be a side effect due to peripheral neuropathy.  
Polarity is defined as the location of the protein of interest in relation to the 
wound, if applicable.  This has implication in both apical-basal polarity and planar 
polarity.  Due to pannexin’s essential role in the interactome, I believed there would be 
more of the protein apically than basally, in both unwounded and wounded tissue and 
more pannexin near the wound than away.  Localization is described as pannexin’s 
location within the cell itself, whether it is more dominant at the cell membrane or within 
the cell’s cytoplasm.  I believe there would be a higher level of pannexin at the cell 
membrane towards the edge, and more pannexin in the cytoplasmic compartment away 
from the wound.  The patterning of pannexin is described as the way it groups together 
within the tissue itself.  Preliminary studies showed pannexin more punctate than diffuse, 
in control tissue and vice versa in DiO tissue. 
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Polarity, localization and patterning of pannexin1 in unwounded tissue 
In order to properly evaluate wounded tissue in both the control and DiO mouse 
models, it was necessary to evaluate the polarity, localization and patterning of pannexin1 
in unwounded tissue.  To confirm this, and set a baseline for the subsequent wound 
images, I put the unwounded tissue through the same processes as the wounded tissue.  
This would allow us to determine if wounding the corneas altered the dynamics of Panx1, 
or if the change in patterning was consistent with both wounded and unwounded tissues. 
The polarity of Panx1 is the easiest and first to be examined in control and DiO 
tissue.  After immunohistochemistry was performed and tissue was counterstained for F-
actin with rhodamine-conjugated phalloidin and nucleic acids using DAPI, the tissue 
samples were imaged enface using a Zeiss 700 Confocal Microscope.  Each image was 
taken as a composite of a Z-stack and a tile.  The Z-stack feature allows us to take 
multiple images in the Z plane, in relation to the tissue, at 1 µm apart.  This allows us to 
visualize the polarity in both the apical and basal portions of the tissues, without having 
to manually adjust the Z axis depth.  
 Figure 13 shows the immunohistochemistry staining for Panx1 in control and DiO 
tissues.  The presence of the color green is not exclusive to the protein as Alexa Fluor 488 
secondary antibodies have the capability of elucidating autofluorescence from the cells.  
Therefore, I wanted to look at changes in the relative intensity of the green staining.  The 
unwounded tissue stains more intensely for Panx1 in the apical control (Fig. 13a) and 
apical DiO (Fig. 13e) sections compared to the basal control (Fig. 13i) and basal DiO 
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(Fig. 13m) sections, respectively.  Therefore, Panx1 is primarily located apically in 
unwounded tissue.  There is no observation on its polarity away from the wound, as there 
is no wound in this case. 
In both types of tissues, the Panx1 exhibits more punctate staining, although 
difficult to see in the Fig. 13m.  It also shows it primarily cytoplasmic, without the 
obvious outline of cell membranes as would be the case if it were trafficked after 
expression.   
 
Polarity of pannexin1 in wounded tissue 
In apical sections, Figure 13, there is a noticeable difference in general brightness 
of the control compared to the DiO.  This difference is even more noticeable in the 16 
week mice since expressed pannexin levels in the DiO are so low it is difficult to see the 
tissue.  In control tissue, both 8 and 16 week, the higher intensity of fluorescence at the 
wound edge indicates pannexin is expressed more near the wound than away from it.  
The DiO tissues from the 8 week mice (Fig. 13; f-h) seemingly appear to traffic the 
pannexin more strongly towards the wound, but does not exhibit the same expression 
levels as the control tissue.  The 16 week DiO mice (Fig. 13; n-p) lack the ability to 
localize the pannexin towards the wound and in Figure 13p there is more intense staining 
of pannexin away from the wound.  Similar results can be seen in the basal section of the 
tissue (Fig. 14; f-h).  
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FIGURE 13: Patterning of Panx1 is altered in apical DiO tissue.  
Immunohistochemistry images were taken on a Zeiss 700 Confocal LSM using the 
40x oil objective.  Each image was taken as a Z-stack and tile using the 40x oil 
objective. The presence of a wound, if applicable, is outlined by a white dashed line. 
Images (a-h) show the apical pattern of Panx1 in 8 week control and DiO tissue. (i-p) 
shows the apical pattern of Panx1 in 16 week control and DiO tissue.  
 
Comparing the 8 week apical control (Fig. 13; b-d) tissue to the 8 week basal 
control (Fig. 14; b-d) tissue, there is still the retention of more apical Panx1 when 
compared to basal.  The same is true for the 16 week mice as well.  It would initially 
appear there are no significant changes in the proportion of Panx1 expressed in the z 
plane when comparing the 8 week and 16 week DiO tissues to their respective age 
controls; however, there is less total Panx1.  This will be further investigated with 
western blotting.   
To further analyze the polarity of protein (particularly in the planar direction); I 
conducted further analysis using ImageJ/Fiji on 8 week control and DiO mice.  After 
staining and imaging, an apical section and basal section of each tissue was analyzed 
plotting intensity (gray value) on the y axis and distance (in µm) from the wound on the x 
axis.  Control tissue displays a much higher intensity of pannexin in the apical section 
(Fig. 15; a-c) compared to the basal section (Fig. 15; g-i).  In the basal section, the control 
tissue shows a higher intensity towards the wound versus away from the wound (Fig. 15; 
g-i).  The average intensity for the apical DiO tissue (Fig. 15; d-f) compared to the basal 
DiO tissue (Fig. 15; j-l) shows only a slightly higher average intensity in the apical 
comparted to the basal.  In addition to the decrease in apical density, the DiO tissue fails 
 32 
 
 
 
 
 
 33 
 
FIGURE 14: Patterning of Panx1 is altered in basal DiO tissue.  
Immunohistochemistry was taken on a Zeiss 700 Confocal LSM using the 40x oil 
objective.  Each image was taken as a Z-stack and tile using the 40x oil objective. 
The presence of a wound, if applicable, is outlined by a white dashed line. Images (a-
h) show the basal pattern of Panx1 in 8 week control and DiO tissue. (i-p) shows the 
basal pattern of Panx1 in 16 week control and DiO tissue. 
 
 
to retain the polarity of higher intensity signals of pannexin towards the wound, except in 
the case of the DiO 2 hour wound (Fig. 15j).  These data indicate there is a loss of 
polarity in the planar direction in the DiO tissue.  
 
Localization and patterning of pannexin in wounded tissue 
In the apical and basal control tissue, Panx1 tends to be trafficked to the cell 
membrane towards the wound and take on a less punctate pattern and starts to outline cell 
membranes.  However, away from the wound, it exhibits a more diffuse pattern as it is 
largely kept internalized by the cells.  The DiO corneal epithelial cells appear to be able 
to traffic the Panx1 towards the cell membrane near the wound, but to a lesser extent 
since there is less Panx1 expressed, and appear to have a more diffuse staining and away 
from the site of injury.  
 
Quantification of pannexin1 in control and DiO tissue 
 Finally, in order to quantify the amount of Panx1 within each type of tissue, a 
Western Blot was performed on both 8 week and 16 week tissues (Fig. 16A).  Results 
show control tissue, in both ages, containing about 40% more Panx1 than the DiO tissue.  
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Panx1 typically migrates to the 35-50 kDa range, depending on the amount of 
glycosylation. The 8 week DiO tissue (Fig. 16C) shows less intense staining 
 
 
FIGURE 15: Panx1 expression intensity in 8 week control and DiO mice.  Intensity 
profiles for Panx1 decreased from control to DiO. In basal control tissue, Panx1 
intensity profiles decreased away from the wound. This pattern was not retained in 
the basal DiO tissue as measured in j-l.  
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in the 43-50 kDa range as compared to the 8 week control tissue.  However, the lane for 8 
week DiO was difficult to determine so the relationship between it and 8 week CTL is 
uncomparable.  Comparing the 16 week DiO tissue to the control is more appropriate (16 
week; 17337 for control vs 10468 for DiO).  The 16 week DiO represents a 40% decrease 
in Panx1 intensity (Fig. 16B).  Interestingly, the 16 week control tissue had a similar 
amount of Panx1 as the 8 week control (Fig. 16B).  It is unknown at this time if the DiO 
tissue follows the same pattern.  
 
 
 36 
 
FIGURE 16: Western blot analysis showing the staining intensity for Panx1 in 8 
week and 16 week mice.  Pannexin is known to migrate into the 35-50 kDa range 
(outlined in black).  The 50 kDa signifies N-glycosylated pannexin while 35 kDa 
signifies unglycosylated pannexin.  The 43-50 kDa range (C) represents the majority 
of the N-glycosylated and the intensity is the sum for that area. Likewise, 35-42 kDa 
represents the majority of unglycosylated Panx1 and the intensity is the sum for that 
area as well.  
 
Polarity of Actin-related protein complex 2/3 in wounded tissue  
Given the mechanism of trafficking pannexin to the cell membrane, I was curious 
as to the polarity of Arp2/3 in the control and DiO tissue.  To investigate this, I used the 
same methods in preparing and staining the tissue as with Panx1, except I used Arp2/3 
antibodies instead.  However, this was entirely exploratory, as I was not able conduct the 
experiment on the 20 hour wounded tissue as of this thesis.  The Arp2/3 complex showed 
a similar polarity pattern to that of the Panx1, especially in the basal cells (Fig. 17).  
Additionally, there is a loss of polarity in the DiO tissue, as well as a lower intensity in 
the apical cells, a similar feature detected in Panx1 in the DiO tissue.  
 
Patterning of Rac1 and Panx1 in wounded tissue 
 
Arp2/3 is responsible for the direct polymerization of branched actin cytoskeleton 
(Ridley, 2006), so I was interested if there was a decrease in Rac1 in the DiO tissue as 
well.  I used the same methods as I used for staining the Panx1, except I repeated the 
primary antibody process with those for Rac1.   Experiments were again performed on 8 
week control and DiO mice with 2 and 8 hour wounds.  I was also unable to perform this 
experiment on 20 hour wounded tissue.  Unlike Panx1, Rac1 expression levels between 
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the control and DiO tissues did not appear to be significantly different (Fig. 18/19).
 
FIGURE 17: Polarity of Arp2/3 in control and DiO corneal tissue.  Arp2/3 displays 
a similar polarity in basal tissue as Panx1 in control and DiO tissue (Fig. 15).  It is 
primarily localized to the wound edge in the control apical and basal tissues while 
failing to maintain that expression pattern in the DiO tissue.  
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However, Western Blot analysis was not performed.  What is notable, though, is that 
Rac1 and Panx1 levels both appear to be decreased 8 hour wound compared to the 2 hour 
wound.  However, a limitation of the experiment is the Rac1 displayed is not specific to 
activated Rac1. Future studies are being planned to observe activated Rac1 in the DiO  
 
Figure 18:  Panx1 and Rac1 localization and patterning in 2 hour wounded control 
and DiO tissue.  The DiO tissue expresses less Panx1 (green) in both the apical and 
basal epithelial tissue compared to the control.  Rac1 (cyan) expression levels do not 
appear to differ between the two types of tissue.  The increase in fluorescence 
intensity in the merge images facilitate observing a similar localization and 
patterning of the Panx1 and Rac1, and also helps to visualize the actual intensity of 
Panx1, which may be hard to see in some cases due to actin staining (red). (*wound) 
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tissue with the proper primary antibodies.  In this experiment, the Rac1 resembled a very  
close pattern to what was previously seen in the Panx1.  It localized at the wound in the 
basal cells in a similar fashion and also displayed diffusely in the apical cells away from 
the wound.    
 
Figure 19:  Panx1 and Rac1 localization and patterning in 8 hour wounded control 
and DiO tissue.  As seen in the 2 hour tissue, there is a noticeable decrease in the 
DiO tissue compared to the control.  Additionally, there appears to be a decrease in 
the Panx1 (green) levels in the 8 hour tissue compared to the 2 hour tissue.  Rac1 
(cyan) levels were expressed similarly in the control and DiO tissue and expression 
levels did not differ much from the 2 hour tissue.  Notice the increase in fluorescence 
in the control merge image compared to the DiO merge image as well as compared 
to the 2 hour wounds.  The lack of increase in intensity in the DiO 8 hour wound is 
indicative of the decreased expression levels of Panx1 in the tissue. (*wound)  
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DISCUSSION 
 The discovery of the pannexin family of proteins in the mammalian genome 
(Panchina et al., 2000) triggered researchers to investigate the structure and function of 
this newly discovered protein.  Interest in the protein’s function has been increasing over 
the years.  It is now determined that pannexin releases ATP through a pore in the cell 
membrane, and its inhibition can attenuate cell motility (Nakajima & Zhao, 2019).  This 
can be especially important in the context of the cornea, since there is no blood supply to 
help close wounds as would happen in other parts of the body.  
The results from the polarity studies indicate the alteration of Panx1 polarity in 
wounded DiO tissue as compared to the control tissue.  Normal, unwounded control 
tissue shows a primary pattern of apical and diffuse Panx1 within the cell.  Upon 
wounding the tissue, the Panx1 remains apical, and diffuse away from the cell, as seen in 
the unwounded, but near the wound, the Panx1 become more basal and punctate as if it 
were triggered to traffic the Panx1 to the cell membrane.  3D renderings using ZEN 2009 
software supported this model, which were consistent with the results above but were not 
published in this thesis due to difficulty comprehending the images in 2D. 
The DiO tissue failed to show a change in the polarity of Panx1 and instead 
retained the primarily apical and diffuse pattern initially seen in the unwounded control.  
This may be due to the amount of N-glycosylation of the Panx1 compared to the control 
(Fig. 16B) or to another process not known at this time.  However, the difference in the 
expression levels could only be measured in the 16 week mice because the 8 week DiO 
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lane was inadequate for analysis.  Since there is already a large decrease in the amount of 
Panx1 expression presented in the 16 week DiO tissue (Fig. 16B) compared to the control 
(40% less), the lack of localization towards the wound edge makes it especially difficult 
to augment the healing response of the cell from the P2X7 and P2Y2 purinoreceptors.  I 
frequently observed a delay in the Panx1 expression levels from the DiO tissue compared 
to the control, for example, the 8 hour wound response from the DiO tissue seemed to 
resemble the 2 hour response from the control tissue.  
 The lack of polarity from the Panx1 protein does inhibit the healing response 
entirely, but may be one of the causes of recurring corneal abrasion.  Since Panx1’s 
primary role is to release ATP into the extracellular space, decreased levels at the cell 
membrane limit the amount of ATP released.  Therefore, less ATP is available to bind 
and activate the purinoreceptors P2X7 and P2Y2.  P2X7 and P2Y2 both rely upon 
extracellular ATP (or UTP for P2Y2) to bind and activate the receptors, thus initiating the 
restructuring of the cell membrane for cell motility (Minns et al., 2016).  Lower levels of 
Panx1 in the DiO tissue certainly decreases the amount of ATP levels released into the 
extracellular space, making it more difficult for the purinoreceptors to activate and begin 
restructuring the membrane.  
 It is not entirely known at this time why there is such a large decrease in the 
amount of Panx1 in the DiO tissue or why there is a failure to localize to the wound edge.  
Several studies suggest that extracellular levels of ATP are responsible for the 
internalization of pannexin through the activation of P2X receptors (A. K. J. Boyce, Kim, 
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Wicki-Stordeur, & Swayne, 2015; Jackson, 2015).  This suggests continuous activation 
of the P2X receptors triggers the cell to internalize the pannexin proteins, either in an 
attempt to conserve intracellular ATP or put a stop to the cell membrane restructuring 
process.  Other data in the lab has demonstrated that inhibition of Panx1 reduces the 
communication between cells due to decreased P2X7 activation; a process that is 
hypothesized as critical for migration.  
 Glucose levels are known to be higher in diabetic patients.  If pannexin is 
downregulated and/or internalized in diabetic tissue, then the P2X receptor will be less 
activated than in a normal tissue. Jacques-Silva et al., (2004) suggests P2X7 receptors are 
responsible for the activation of Akt in astrocytes.  In the cornea, high levels of glucose 
suppresses the Akt signaling pathway and decreases epithelial wound healing (Xu, Li, 
Ljubimov, & Yu, 2009).  Therefore, P2X7 may not be as activated in the DiO tissue as it 
is in control tissue, possibly as a result of decreased pannexin.  
 Preliminary data shows a trend in pattern between Rac1 and Panx1 as well as 
Arp2/3 and Panx1 in CLT and DiO tissue as well.  I propose these relationships to be 
investigated further to demonstrate the pattern of activated Rac1 compared to total Rac1 
expression levels.  Activation of Rac1 results in rapid and dynamic assembly of actin 
filaments, as well as the stabilization and orientation of microtubules.  Pannexin relies on 
its interaction with actin to be delivered to the cell surface and disruption of actin with 
cytochalasin B causes a severe loss of cell surface Panx1 (Bhalla-Gehi et al., 2010).  
Arp2/3 is also active at the leading edge of motile cells, helping to produce branches from 
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existing actin filaments.  A decrease in Arp2/3 complex may also produce a decrease in 
trafficking of Panx1 to the cell membrane at the leading edge.  A deficiency in either of 
these two proteins could cause difficulty in the trafficking of pannexin to the cell 
membrane, therefore, decreasing the extracellular ATP available for the P2X7 receptors 
and attenuating epithelial wound repair.  
  It is interesting to see the similarity in the localization and patterning of the Rac1 
compared to the Panx1 (Fig. 18 and 19).  Also, the Panx1 is clearly decreased in DiO 
compared to the control tissue; however, the Rac1 was not significantly reduced.  The 
Rac1 antibody used, though, binds not only to activated Rac1, but also to inactivated Rac; 
limiting the ability to definitively determine the association between Panx1 and Rac1. 
Future studies are planned to explore the expression levels of activated Rac1 
though.  Currently, the similar patterning and localization, though, suggest an association 
between the two proteins.  This is not surprising considering Panx1 is closely bound to 
actin at the plasma membrane and activated Rac1 stimulates actin polymerization into 
lamellipodia through Arp2/3.  It will be interesting to see if the Rac1 expressed is 
inactivated or activated, thus providing more information to the trafficking dynamics of 
Panx1 to the plasma membrane.  If expressed Rac1 is actually inactivated, it could result 
in decreased levels of Arp2/3, and thus lower levels of actin polymerization, which in 
turn, trafficks lower levels of Panx1 to the plasma membrane. 
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